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fluoride)  /  poly  (methyl  methacrylate)  system  hat  shown  that  the  eolubility  of  the  gas  or  vapor  in  the 
polymer  blend  can  cause  plasticiiation  which,  in  turn,  can  lead  to  further  crystalluition  of  the 

^  semi-crystalline  component. 

NL  new  thermodynamic  model  has  been  developed  which  shows  promise  for  understanding  and 
predicting  polymer-polymer  miscibility  and  the  ‘miscibility  window”  that  is  often  observed  when 
copolymers  with  varying  monomer  contents  are  mixed  with  the  other  blend  con*onent.  Several 
experimental  blend  systems,  including  poly(styrene-to-maleie  anhydrids)  /  poly  (sty  rerw-to- 
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intermolecular  interactions  within  the  copolymsr  are  inf  avorable,  as  opposed  to  the  more  conventional 
view  that  miscibility  is  caused  by  fsvorable  interactions  between  the  copolymer  and  the  other  blend 
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I  .  Statement  of  the  Problem  Studied 


The  general  objectives  of  this  work  were  to  obtain  a 
beter  understanding  o-f  the  relationships  between  the 
thermodynamic  interactions  responsible  -for  the  -formation  o-f 
miscible  blends  and  the  resulting  mechanical,  chemical,  and 
transport  properties  of  the  blends.  A  variety  of  binary  , 
miscible  and  partially  miscible  blend  systems,  including 
pol ycarbonate/copol yester,  poly<epichl orohydr i n)/pol yes ter , 
pol y ( epi ch 1 orohydr 1 n) /pol yme th  ac  ry 1  a t e , 
pol y< epi ch 1 orohydr l n) /pol yacrylate,  poly(vinyl 
ch ’ or i de> /pol yes  ter ,  pol y ( s tyr ene-co-acry 1  on i tr i 1 e)  / 
poly(methyl  methacry I  ate)  ,  pol y( etyrene-co-acryl on i tr i 1 e)  / 
po1y(ethyl  methacrylate),  and  po 1 y<vi nyl i dene  fluoride)  / 
po1y(methyl  methacr y 1  ate)  were  examined  during  the  grant 
period.  While  the  complete  property  spectra  were  not 
developed  for  every  blend  system  in  the  above  list,  our  work 
on  these  systems  allows  certain  general  conclusions  to  be 
made  regarding  miscible  blend  behavior.  These  conclusions 
are  summarized  in  the  following  section.  Details  of  the 
studies  leading  to  these  conclusions  can  be  found  in  the  14 
papers  published  during  the  grant  period  (Section  III.B)  and 
in  the  7  papers  submitted  or  accepted  for  publication 
(Section  III.C) 


I  I  *  Summary  of  Important  Results 


A.  Thermodynamic  Analysis  of  Blends  and  New  Blend  Systems. 

The  most  important  theme  of  our  work  has  been  the 
attempt  to  understand  and  quantify  the  i n termol ecu  1 ar 
interactions  responsible  for  blend  miscibility  and  blend 
properties.  Recently,  we  proposed  a  mathematical  model  to 
explain  the  observed  miscibility  in  binary  blends  of  a 
copolymer  with  a  homopolymer  (reference  12  in  Section  III.B 
of  this  report,  hereafter  referred  to  as  III.B. 12).  This 
model  suggests  that  copolymers  may  be  miscible  in 
homopol ymer s  because  the  molecular  interactions  within  the 
pure  copolymer  are  unfavorable,  as  opposed  to  the  more 
conventional  view  that  miscibility  is  caused  by  favorable 
interactions  between  the  copolymer  and  the  homopolymer  in 
the  blend.  This  model  successfully  predicts  the  miscibility 
of  SAN  copolymers  with  SMA  copolymers  as  functions  of  their 
acrylonitrile  and  maleic  anhydride  contents,  r espec t i vel y , 
and  it  suggests  that  the  "miscibility  window”  observed  in 
IVC  containing  and  Phenoxy  containing  blends  with  aliphatic 
polyesters  which  contain  varying  ester  carbonyl  contents  may 
also  be  the  result  of  interactions  within  the  pure 
components  (III.B. 12, III.C. 5).  Both  the  study  of  SAN  / 
polyester  miscible  blends  (III.B. 5)  and  of  miscible  blends 
comprised  of  pol y( epi ch 1 orohydr in) /pol yester  (III.B. 13) 
serve  to  reinforce  our  developing  conclusions  in  this  area. 


Work  is  continuing  in  the  genera)  area  of  polymer  blend 
thermodynamics.  Of  particular  interest,  M.  Fowler  is 
examining  the  miscibility  and  LOST  Behavior  of  SAN/PMMA  and 
SAN/PEMA  blends  as  a  function  of  the  AN  content  of  the  SAN 
copolymer.  As  expected,  there  appears  to  be  an  optimum  AN 
content  for  maximum  interaction  with  each  polyester,  as 
judged  by  the  temperature  location  of  the  cloud  point.  That 
is,  when  the  AN  content  is  less  than  optimum,  the 
temperature  at  which  the  blend  phase  separates  on  heating  is 
lower.  Interestingly,  the  optimum  AN  content  for  blends 
with  these  polyesters  is  somewhat  less  than  the  usual  AN 
content  available  commercially.  This  suggests  that 
copolymer  suppliers  may  need  to  offer  special  compositions 
for  specific  blend  applications. 

Some  interest  has  been  expressed  in  our  discovery  that 
blends  of  pol y< epi ch 1  or oh y dr i n)  with  poly (methyl 
methacry 1  ate)  are  miscible  by  U.S.  Army  personnel  involved 
in  rocket  fuel  binder  systems.  As  a  result  of  our  interim 
report  to  ARO,  J.W.  Barlow  of  our  laboratory  met  with  Dr 
Porter  Mitchell,  U.S.  Army  Missile  Command,  Huntsville,  in 
March,  1984,  to  discuss  this  and  other  blend  systems  as 
binders  for  rocket  propellents. 


B.  Mechanical  Properties  of  Miscible  and  Partially  Miscible 
B1 ends . 

During  this  reporting  period,  several  publications 
regarding  the  mechanical  properties  of  the  blend  comprised 
of  polycarbonate  and  the  coployester  KODAR  A150  were  issued 
(III. B. 14, III. B. 4).  This  system,  which  was  discovered  to  be 
miscible  and  extensively  studied  by  this  laboratory  during 
the  previous  grant  period,  is  now  commercial'/  available  from 
General  Electric  Company  under  the  trade  name  "Xenoy-3008" . 
This  material  is  amorphous  and  tough,  and  it  shows 
properties  which  vary  in  a  roughly  linear  manner  with  blend 
composition  when  processed  under  ordinary  molding 
conditions.  However,  if  it  is  annealed  for  extended  periods 
at  temperatures  just  below  the  glass  transition  temperature, 
Tg,  the  material  thermally  embrittles  due  to  simultaneous 
relaxations  of  volume  and  molecular  orientation.  It  is 
important  to  note  that  both  pure  components  show  similar 
relaxations  when  annealed,  so  that  the  observed  blend 
behavior  should  be  expected.  Similarly,  when  the  blend  is 
annealed  at  temperatures  between  the  TQ  and  the  melting 
temperature,  Tm,  of  the  copolyester,  the  copolyester  will 
crystallize  < 1 1 1 .B.6, 1 1 1 .B. 14) .  The  resulting  mechanical 
properties  of  the  blend  at  room  temperature  become  a 
complicated  function  of  blend  composition,  the  initial  state 
of  molecular  orientation,  and  the  process  history.  The  main 
effect  of  copolyester  crystallization  on  the  mechanical 
properties  of  the  blend  is  to  embrittle  these  otherwise  very 
ductile,  glassy  materials. 


The  mechanical  properties  of  the  partially  miscible 
blend  o-f  pol  yc  arbon  a  t  e ,  PC  ,  with  pol y< ethyl ene 
tereph thal ate) , PET ,  have  been  evaluated  (III.C.l).  Although 
the  PET  is  crystalline  when  it  is  added  to  the  PC,  it  has  a 
lower  Tg  than  PC,  and  at  PET  concentrations  less  than  80’/.  by 
weight,  the  crystallinity  o-f  the  PET  in  the  blend  is 
somewhat  reduced  at  the  molding  conditions  usually  employed. 
The  result  is  that  the  PET  serves  to  plasticize  the  PC,  and 
blends  with  elongations  at  break  which  are  factors  of  3  to  5 
times  higher  than  those  for  the  pure  components  can  result. 
Interestingly,  the  moduli  and  yield  strengths  of  the  blends 
change  little  with  composition,  a  situation  which  is 
probably  due  to  the  reinforcing  effects  of  the  PET  crystals 
at  high  PET  levels  in  the  blend  and  to  the  already  high 
values  of  these  properties  for  PC  at  low  PET  levels  in  the 
bl end . 

A  similar  situation  is  seen  when  the  mechanical 
properties  of  miscible  blends  containing  pol y(vi nyl i dene 
fluoride),  PVF2,  and  poly<methyl  methacrylate),  PMMA,  are 
examined  (III.C.3).  Again  the  crystal  1 i zat i on  of  the  PVF2 
from  the  blend  is  retarded  at  PUF2  concentrations  less  than 
60’/.  by  weight,  and  the  blend  properties  show  the  increased 
ductility  and  lowered  moduli  and  strength  expected  for 
plasticized  PMMA.  Beyond  the  60/.  level,  PV-'Fo  crystallizes 
more  completely,  and  the  elongation  at  break,  or  ductility, 
decreases  sharply  while  the  strength  and  moduli  increase. 

C.  Effects  of  Environment  on  Blend  Properties 


The  influence  of  humid  aging  on  the  mechanical 
properties  of  PC  and  its  blends  with  KODAR  A150  copolyester 
was  examined  (III.B.8).  It  is  well  known  that  PC  has  very 
poor  hydrolytic  stability  and  that  it  will  rapidly  show  loss 
of  molecular  weight  and  mechanical  properties  in  hot  humid 
environments  such  as  boiling  water.  Consequently,  PC  is  not 
recommended  for  applications  of  this  type.  As  discussed 
above,  the  copolyester  also  rapidly  loses  its  ductility  and 
becomes  opaque  in  boiling  water  because  it  crystallizes  when 
raised  above  its  Tg  Qf  88°C.  It  is  also  not  recommended  for 
boiling  water  applications  where  clarity  is  an  issue. 
Interestingly,  the  50/50  blend  of  these  two  materials 
maintains  its  clarity  and  ductility  in  boiling  water  because 
the  higher  and  more  stable  molecular  weight  of  the 
copolyester  compensates  for  the  molecular  weight  loss  of  the 
PC  component  while  the  higher  Tg  of  the  PC  raises  the  blend 
Tg  above  100  °C  thereby  preventing  cr ys t al 1 i za t i on  of  the 
copol yester . 

The  improved  molecular  weight  stability  shown  by  the 
blend,  as  a  result  of  incorporating  the  inherently  more 
stable  copolyester,  is  apparently  the  reason  that  General 
Electric  has  commercialized  this  material.  They  offer  it 


■for  applications  requiring  improved  chemical  and  oamma 
radiation  resistance. 

The  environmental  stress  crack  resistance,  ESCR,  o-f 
polyCmethyl  methacrylate),  PMMA,  is  notoriously  poor,  and 
this  material  will  craze  and  crack  in  a  variety  of  common 
chemicals,  including  water  and  alcohols.  Because  it  is 
semicrystalline,  the  ESCR  of  pol y< vi ny 1 i dene  fluoride), 
p^p2i  on  the  other  hand,  is  excellent.  A  recent  study  of  the 
ESCR  of  the  miscible  blend  comprised  of  these  two  materials 
<111. C. 3)  shows  that  significant  resistance  to  chemical 
stress  cracking  can  be  conferred  on  the  PMMA  component  by 
addition  of  the  PVF2.  The  mechanism  for  this  phenomenon 
seems  to  be  largely  related  to  the  plasticization  of  the 
PMMA  by  the  PUF2  component,  which  has  a  lower  Tg. 

Recently,  we  have  shown  that  plasticization  of 
homopolymers  and  polymer  blends  can  result  from  the  sorption 
of  carbon  dioxide,  CO2,  at  relatively  high  pressures.  This 
plasticization  can  induce  crystallization  of  a 
semi  crystal  1 i ne  material  by  the  same  mechanisms  which  are 
operative  when  liquids  are  dissolved  in  the  polymers 
(III.C.7).  The  CO2  induced  crystallization  of  the  PVF2 
component  in  PVFj»/PMMA  blends  causes  the  appearance  of  a 
secondary  melting  endotherm  which  varies  in  location  from 
just  above  the  Tq  of  the  material  to  just  below  the  normal 
PVF2  melting  point.  Its  location  and  area  are  seen  to  vary 
in  systematic  and  reasonable  ways  as  the  blend  composition, 
temperature,  CO2  pressure,  and  exposure  time  are  varied. 

This  peak  evidently  arises  from  the  melting  of  crystals 
which  are  formed  under  restricted  conditions  and  which  are 
thus  si gn i f i can t 1 y  smaller  than  those  formed  normally  from 
the  melt.  A  series  of  papers  by  J.S.  Chiou  of  our 
laboratory  is  presently  being  prepared  which  will  further 
discuss  the  effects  of  CO2  sorption  on  the  depression  of 
blend  Tg  and  permeation  of  CO^  in  this  system. 


D.  Effect  of  Blend  Cr ys t al 1 i n i ty  on  Gas  Permeation. 


Permeation  rates  of  Helium,  Methane,  and  CO2  in 
miscible  blends  of  PC  /  copolyester  were  measured  at  35°C. 

The  permeabilities  in  blends  which  were  thermally  annealed  to 
develop  copolyester  crystallinity  werecompared  with 
permeabilities  in  fully  amorphous  blends.  For  this  system, 
the  presence  of  crystal  1 i n i ty  caused  a  slightly  greater 
impedence  to  CO2  transport  than  it  did  with  the  other  two 
gases.  Of  some  importance  to  the  potential  application  of 
the  blend  as  a  membrane  separation  device,  the  relative 
rates  of  permeation  varied  greatly  with  blend  composition 
(III. B. 10,  III.B.3).  For  example,  the  permeation  rate  of 
Helium  relative  to  Methane  varies  with  blend  composition 
from  about  48  in  pure  PC  to  about  105  in  the  pure 
copolyester  and  is  only  slightly  affected  by  copolyester 


crystallinity,  whereas  the 
varies  -from  26  for  pure  PC 


rate  of  CO2  relative  to  Methane 
to  1?  for  pure  copolyester. 


E.  Continuing  Studies. 


Work  has  begun  and  is  continuing  on  issues  which  are 
pertinent  to  our  presently  funded,  ARO  supported,  research  on 
the  relationships  between  properties  and  phase  behavior  of 
multiphase  immiscible  blends.  Three  of  our  students  are 
primarily  involved  in  this  activity  at  the  present  time.  M. 
Fowler  is  studying  the  thermodynamic  nature  of  polymer  - 
polymer  diffusion  across  phase  boundaries  by  examining  the 
rate  of  "re-knitting"  of  fractured  interfaces  at  various 
temperatures  below  but  close  to  TQ.  m.  Schwarz  is 
developing  a  stress  dilatometer  technique  which  will  detect 
the  fracture  at  polymer  -  polymer  interfaces,  which  exist  in 
immiscible  blends,  when  the  blends  are  stressed  in  uniaxial 
tension.  This  technique  should  aid  our  understanding  of  the 
role  of  interfacial  adhesion  <and  the  interfacial  diffusion 
which  must  be  the  primary  cause  of  this  adhesion)  in 
determining  blend  properties.  P.  Tucker  is  presently 
studying  the  the  thermodynamic  driving  forces  and  other 
phenomena  associated  with  the  insertion  of  a  polymer  into  a 
phase  domain  with  which  it  is  miscible  in  a  multiphase 
system.  These  and  other  studies  should  lead  to  development 
of  multiphase  blends  with  improved  properties. 


6 


1 1 .  Publications  Completed  to  Date 


A.  Theses  and  Dissertations. 

Name  Title 


W.  E.  Preston 
(M.S.) 


S.  R.  Murff 
(M.S.) 


E.  M.  Woo 
(Ph .D.) 


J.  S.  Chiou 
< Ph . D . ,  Dec.  1984) 


Mechanical  and  Transport 
Properties  of  Crystalline 
Blends  o f  Polycarbonate  and  a 
Copol yester 

Mechanical  and  Thermal 
Properties  of  Polymer  Blend 
Systems:  Pol y( ethyl ene 
tereph  thal ate) /Pol ycarbonate 
and  PolyCmethyl  methacrylate)/ 
Pol y(vi nyl i dene  fluoride) 

Structure  -  Miscibility 
Relationships  for  Blends 
Containing  Polymers  with  Polar 
Functional  Groups 

In  Preparation. 


B .  Papers  in  Print. 

1.  J.  W.  Barlow  and  D.  R.  Pau 1 , " Pol ymer  Blends  and 
Alloys  -  Selected  Considerations",  Polym.  Eng. 

Sci . ,21,  985  (  1981)  . 

2.  W.  A.  Smith,  J.  W.  Barlow,  and  D.  R.  Paul , "Chemistry 
of  Miscible  Pol  ycarbonate  -  Copolyester  Blends",  J. 
Appl .  Polym.  Sci., 26,  4233  (1983). 

3.  P.  Masi ,  J.  W.  Barlow,  and  D.  R.  Paul,  "Gas 
Sorption  and  Transport  in  a  Copolyester  and  its  Blends 
with  Polycarbonate",  J.  Polym.  Sci.:  Polym.  Phys.  Ed., 
20 ,  15  <  1982)  . 

4.  E.  A.  Joseph,  M.  D.  Lorenz,  J.  W.  Barlow,  and  D.  R. 

Pau 1 , "Meehan i cal  Properties  of  Miscible  Pol ycarbonate 
-  Copolyester  Blends",  Polymer,  23,  112  (1982). 

5.  J.  S.  Chiou,  J.  W.  Barlow,  and  D.  R.  Paul, 
"Miscibility  of  SAN  with  Pol yacryl ates  and 
Pol ymethacryl ates" ,  Polymer,  23,  1543  (1982). 

6.  R.  S.  Barnum,  J.  W.  Barlow,  and  D.  R.  Paul,  "Melting 
and  Crystallization  Behavior  of  Miscible  Copolyester  - 
Pol ycarbonate  Blends",  J.  Appl.  Polym.  Sci.,  27 . 

4045  ( 1982)  . 


7 


1 1 1  - B  (continued) 

7.  D.  R.  Paul  and  J.  W.  Barlow,  "Polymer  Blends: 
Introductory  Overview  and  Future  Developments",  Ch .  1  in 
“Polymer  Compatibility  and  Incompatibi l i ty:  Principles 
and  Practice",  K.  Sole  <ed.>,  MMI  Press  Symposium  Series, 
Mol .  2,  1982. 

8.  E.  A.  Joseph,  D.  R.  Paul,  and  J.  W.  Bar  low,  "Boiling 
Water  Aging  of  a  Miscible  Blend  of  Pol  ycarbonate  and  a 
Copol yester " ,  J.  App) .  Polym.  Sci., 27,  4807  (1982). 

9.  J.  W.  Barlow,  D.  R.  Paul ,  and  D.  R.  Lloyd,  "Aspects 
of  Sorption  in  Polymers  and  Polymer  Blends", 

Proceedings  of  the  1983  Scientific  Conference  on 
Chemical  Defense  Research,  Nov.  14-18,  1983  (limited 
c  i  rcu 1  at i on) 

10.  W.  E.  Preston,  J.  W.  Barlow,  and  D.  R.  Paul ,  "Effect 
of  Crystallinity  on  Gas  Permeation  in  Miscible 
Polycarbonate  -  Copolyester  Blends".  J.  Appl .  Polym. 

Sci  .  ,29,  845  (  1984)  . 

11.  D.  R.  Paul ,  "Gas  Transport  in  Homogeneous 
Multicomponent  Polymers",  J.  Membrane  Sci.,  JJ3,  75 
(  1984)  . 

12.  D.  R.  Paul  and  J.  W.  Barlow,  "A  Binary  Interaction 
Model  for  Miscibility  of  Copolymers  in  Blends", 

Polymer,  25,  487  (1984). 

13.  A.  C.  Fernandes,  J.  W.  Barlow,  and  D.  R.  Paul , 
"Aliphatic  Polyester  Miscibility  with 

Pol y( epi ch 1 orohydr  i  n)  " ,  J.  Appl.  Polym.  Sci., 29, 

1971  (  1984)  . 

14.  W.  E.  Preston,  J.  W.  Barlow,  and  D.  R.  Paul ,  "Effect 
of  Crystal  1 i n i ty  on  Mechanical  Properties  of  Miscible 
Polycarbonate  -  Copolyester  Blends",  J.  Appl.  Polym. 

Sci . ,29,  2251  (  1984)  . 


C.  Papers  Submitted  and  Accepted  for-  Publication. 


1.  S.  R.  Murff,  J.  W.  Barlow,  and  D.  R.  Paul,  "Thermal 
and  Mechanical  Behavior  of  Polycarbonate  - 

Pol y( ethyl ene  tereph thal ate)  Blends",  J.  Appl.  Polym. 
Sc  i  . 

2.  J.  S.  Chiou,  J.  W.  Barlow,  <*nd  D.  R.  Paul,  "Sorption 
and  Transport  of  Bases  in  Mif>cible  Poly(methyl 
acrylate)  /  Pol  y(epi  ch  1  orohy<dr  i  n)  Blends",  J.  Appl. 
Polym.  Sci  . 


8 


Ill . C .  < con  t i nued) 


3.  3.  R.  Murff  ,  J.  W.  Barlow,  and  D.R.  Paul  , 
"Environmental  Stress  Crazing  and  Cracking  of  PMMA  - 

PUFj  Blends",  Adv.  Chem.  Ser . 

4.  D.  R.  Paul,  “Polymer  Blends  -  Phase  Behavior  and 
Property  Relationships",  Adv.  Chem.  Ser. 

5.  E.  M.  Woo,  J.  W.  Barlow,  and  D.  R.  Paul , 
"Thermodynamics  of  the  Phase  Behavior  of  Pol y(vinvl 
c h 1  or i de>  /  Aliphatic  Po 1  yes t er  B 1  ends "  ,  Po 1 vmer . 

6.  0.  R.  Paul .  "Thermodynamic  Theory  and  Experimental 
Techniques  for  Polymer  Blends",  Proceedi nos  of  NATO 
AS  I  ,  London,  1984. 

7.  J.  S.  Chi  on,  J.  w.  Bar  low,  and  D.  R .  Paul  ,  "Pol  vmer 
Crystallization  Induced  bv  Sorption  of  C0->  Gas"  . 

su  bm  l  1 1  ed  for-  pu  b  1  l  c  a  1 1  on  . 


I .  Participating  Sc  i  en  t  i  f  i  c _ Personnel 

The  foil  owing  i  ndi ■■  •;  du  a  ’  received  financial 
f r om  this  gr  an  t : 


Name 

J  .  i'l .  Barlow 
E  .  Woo 

A.  Fernandes 
M  .  c  C'i.  •  tier 
S.  Murff 

W,  Preston 

J.  Chiou 


St  atu_s. 
r:  aru  It'/ 

Ph  .  r> .  St u den  t 

n'h  .  f.' .  student 
P  h  .  D  .  S  *■  u  d  e  r  t 
M.S.  Student 

M .  S  .  Student 

Ph . D .  Studen t 


P.  Tucker  Ph.D.  Student 


Comments 

Summer  Support 

f> e q roe  G r  a  n  t°H  , 

June,  1 '84 

Con t l nu i nq 

Con  t i nu i nq 

Degree  Granted, 
August,  lc'!?3 

Degree  Granted, 
August,  1 °G3 

Con  t i nu i ng , 

Degree  Expected,  Dec. 

1 984  . 

Con  t i n  u i n  q 


M.  Schwarz 


Ph.D.  Studen  t 


Con  1 1 nu i ng 


